In the present study the solubility of β-cyclodextrin and 2-hydroxypropyl-β-cyclodextrin at sub-zero and elevated temperatures (-10 and +30˚C) for a given composition of methanol/water and acetonitrile/water binary mixtures (Xs = 0.16) was studied. Moreover, the freezing temperature profiles of acetonitrile-based chromatographic mobile phases were measured, and the obtained results were compared with data available in the literature. Furthermore, the effect of the macrocycles concentration on the liquid-phase freezing points was determined. The low solubility of native β-cyclodextrin in a methanol/water mixture at sub-zero temperature as well as the non-linear behavior of acetonitrile/water mixtures that were observed concerning the freezing point profile are discussed from a practical point of view.
Introduction
It is well known that the retention of a number of low-molecular mass compounds, including polycyclic aromatic hydrocarbons or steroids, is strongly influenced by the temperature when the eluent is modified with macrocyclic additives particularly. 1 Moreover, the solubility of solid additives, like buffer components or chiral additives, is usually strongly affected by the temperature. 2 In some cases the additives solubility significantly changes within a relatively small temperature region. 3 For that reason the effective use of relatively lowsoluble host-guest modifiers, such β-cyclodextrin, at a high concentration and low temperature, is strongly limited, and may even cause column and detector failure, or damage. On the other hand, the separation of complex mixtures using the abovementioned mobile phases may be very effective, particularly at sub-zero temperatures. 4 Therefore, the solubility of chiral additives seems to be one of the important factors for designing proper and "hardware safe" separation systems.
Methanol and acetonitrile are commonly used as organic components of the mobile phases for a number of prepurification and separation techniques, including liquid or solidphase extraction and capillary electrophoresis as well as planar and column chromatography. 5 It is noteworthy that both molecules weakly interact with the internal cavities of common mobile-phase macrocyclic additives, such cyclodextrins. Therefore, they were often applied as co-solvents for bindingconstant measurements. 6, 7 Furthermore, they have been frequently used as the main mobile-phase organic components for the separation of stereoisomers using chromatographic systems based on the host-guest phenomenon. 1, 8 The basic physical constants of organic liquids, including the freezing points of pure solvents and their mixtures with water, are easily available through a number of reference handbooks. 9, 10 In contrast to such constants that are available for n-alcohols, the freezing-point data of acetonitrile are notconsistent. Depending on the author, this parameter changes even by 5˚C within the range from -46 to -41˚C. [9] [10] [11] [12] Recently, a few authors investigated a liquid-liquid equilibrium of binary acetonitrile-water mixtures at sub-ambient temperatures. [13] [14] [15] However, to our knowledge there is just one publication dealing with the freezing-point profiles of the acetonitrile-water mixtures across the whole range of the binary phase concentration that was published in 1996 by Che and coauthors. 16 There is also a lack of solubility data for the native and modified cyclodextrins, particularly for given organic-water mixtures at sub-ambient temperatures below 0˚C.
The results of our previous studies concerning the chromatographic behavior of different classes of solutes in the presence of a macrocyclic additive in the mobile phase has indicated that the retention of inclusion complexes can be varied between two lines formed by the van't Hoff plot of the free macrocycle and the van't Hoff plot of the uncomplexed analyte. 1, 4, 7 Simply, at low temperature the inclusion modifier action is more efficient due to the high values of the binding constant of the complexes created and the large differences in the retention of free macrocycle and uncomplexed solutes. Therefore, from a practical point of view, the solubility and freezing-point data are the key factors for designing separation systems based on temperature-dependent inclusion chromatography. Hence, the objectives of this work were to measure the solubility of β-cyclodextrin and 2-hydroxypropyl-β-cyclodextrin at different temperatures and for given mobilephase compositions as well as freezing-point profiles for selected binary organic solvent/water mixtures, ranging from 0 to 100% (v/v). Moreover, the effect of the macrocycles concentration on the liquid-phase freezing points was also studied.
Experimental

Chemicals
Acetonitrile (HiPerSolv for HPLC; 99.9%) was a product of BDH Laboratory Supplies (Poole, England). Methanol (HPLC grade 99.8%) was obtained from Merck (Darmstadt, Germany). The organic solvents were used without further purification. Deionized water was double distilled before solvent preparation. All of the binary mixtures were prepared as a volume/volume percent of the organic solvent in water. The macrocycles (β-cyclodextrin and 2-hydroxypropyl-β-cyclodextrin) were purchased from Fluka Chemie AG (Buchs, Switzerland) and used as received.
Freezing temperature measurement
A freezing-point study of the liquids was based on the heat-offusion phenomenon. In our experiment, a small plastic tube (V = 10 mL, φ = 1 cm; H = 10 cm) was equipped with a temperature sensor (glass NTC thermistor), a few glass beads (φ ≈ 1 mm) and a mechanical stirrer (stainless-steel rod), and was filled with 2 mL of the investigated liquid. The tube with the sample was placed in a thermostatic bath that included an ethylene glycol/water mixture (for temperatures up to -20˚C) or a glass cylinder with methanol, which was deposited in a dryice container (for temperatures below -20˚C). The sample was immediately and continuously stirred and the temperature changes were recorded using the Appa 305 Digital Multimeter (from Appa Technology Corp., Taipai, Taiwan, R. O. C.) and saved by a computer data-acquisition system through the APPA WinDMM v.1.52E software. During the cooling process the sample was supercooled several degrees below its freezing point, and finally mechanically induced to freeze because of continuous stirring. After that, due to the heat of fusion the temperature of the sample increased to the freezing-point level. All of the measurements were performed under atmosphericpressure conditions; typical temperature profiles recorded by the described system are shown in Fig. 1 .
Solubility determination
Accurately weighed amounts of β-cyclodextrin and 2-hydroxypropyl-β-cyclodextrin were suspended in 0.5 mL of methanol:water (30% v/v) and acetonitrile:water (35.6% v/v) binary solvents (Xs = 0.16). Then 5 mL plastic tubes containing macrocycles-liquid mixtures were sonicated for 10 min at room temperature, and then transferred to a constant-temperature bath set at +30˚C or -10˚C, and then stirred for 5 days. The temperature of the samples was controlled with an accuracy of ±0.01˚C using a Polystat digital circulating thermostat (Model 12101-15; Cole Parmer, Chicago, IL, USA). After equilibrium was reached the solutions were separated from solid particles by spinning them at appropriate sub-ambient or elevated temperatures. The concentration of macromolecules in the obtained clear solution was quantified immediately using a photometric detection method based on supramolecular complex formation with phenolphthalein. [17] [18] [19] 
Results and Discussion
The liquid structure of acetonitrile and methanol with water binary mixtures is still of research interest, and remains unresolved. As a result of strong hydrogen bonding and selfassociated forms of organic components, the solvation structures of acetonitrile/water and methanol/water mixtures are substantially different. 20 The experimental data revealed that an acetonitrile-water mixture should be considered at least as a ternary system in which two distinct forms of acetonitrile in solution exists. 21 This phenomenon strongly affects the number of physical and chemical properties of acetonitrile/water mixtures. The data reported by Gu and co-workers show that if the acetonitrile/water mixture is stored for several hours at a sub-ambient temperature an unexpected phase separation can be observed in such a simple system. 13 It has been found that phase separation takes place at temperatures below -1.32˚C, and can be observed within a wide range of acetonitrile concentrations from 31% to 89% (v/v), which correspond to mole fractions XS,ACN from 0.134 to 0.738. 14 Under the described conditions the acetonitrile is distributed between two phases. The top phase contains 88% (v/v) of acetonitrile and the bottom phase consists of 65% (v/v) of water.
A typical freezing curve of an acetonitrile/water mixture (XS,ACN = 0.160 ≈ 35.6% v/v) measured in our laboratory is presented in Fig. 1 .
The data show that under such experimental conditions two freezing-point temperatures may be observed. Particularly, it has been found that the freezing point of the water-rich phase is -10.1˚C, and the freezing temperature of an acetonitrile-rich liquid corresponds to -45.1˚C. Moreover, the freezing curve profile reveals that both liquid phases may be significantly supercooled, even at 10˚C below the main freezing-point temperature. As is expected under the same conditions, the methanol-water mixture 454 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 (XS,MetOH = 0.160 ≈ 30.0% v/v) profile shows just one freezing point at a temperature of -23.4˚C (an appropriate freezing curve in Fig. 1 is not visualized).
The entire freezing-point profiles for methanol-water mixtures ranging from 0 to 50% (v/v) and acetonitrile/water mixtures across the whole range of concentrations are displayed in Fig. 2 . The freezing curve for the methanol/water mixtures that was measured in our laboratory is in good agreement with the data published e.g. by Merck. 9 As can be seen, the acetonitrile/water freezing profile is very complex. Starting from 0% of acetonitrile, the freezing temperature systematically drops from 0 to -10˚C at 25% (v/v) of ACN in water. Within the concentration range from 30 to 85% the freezing point of the mixture is constant and corresponds to the freezing temperature of the water-rich phase, which was quantified as -10.1˚C. Accordingly to the data published by Gu and co-workers, two separate acetonitrile and water-rich phases may co-exist within this concentration area. 13 Therefore, the water-rich phase is "buffering" the freezing-point temperature of the mixture, and a freezing point-plateau is observed for a wide range of acetonitrile concentrations. Starting from 90% of the organic component, the freezing temperature rapidly decreases. The minimum temperature of -44.9˚C was observed for a mixture consisting of 98% of acetonitrile in water. The freezing temperature of pure acetonitrile that was used in our experiment was determined as -43.4˚C. Interestingly, the shape of the right side of the freezing-point trajectory starting from 97% may explain the differences in the freezing point temperatures of pure acetonitrile that are present in the literature. [9] [10] [11] [12] Our results may suggest that this parameter can change significantly due to small residues of water. Similar results were obtained by Che and co-authors, who measured the freezing curve of acetonitrile/water mixtures under a nitrogen atmosphere. 16 Despite of a good agreement with the freezing temperatures of pure water (273.14 K) and pure acetonitrile (229.74 and 229.21 K; Che data) the minimum freezing temperatures were slightly different (228.21 and 227.44 K), and were observed for different acetonitrile concentrations: Xs = 0.94 and Xs = 0.96, respectively. Moreover, a different shape of the freezing curve in this region was also observed.
Temperature-dependent inclusion chromatography requires the presence of macrocyclic additives in mobile phases, especially those that are not retarded by the stationary-phase components. 4 The number of presently existing protocols for the efficient separation of low molecular mass stereoisomers involves the application of native β-cyclodextrin (β-CD), or its very well water-soluble derivatives, for example 2-hydroxypropyl-β-cyclodextrin (HPBCD). In our experiment the solubility of β-CD in water at 30˚C was determined to be 2.25 g/100 mL (19.8 mM), which is in close agreement with the literature value of 2.30 g/100 mL. 22 Although HPBCD is completely soluble in water up to a concentration of 70% (w/w), a strong increase in the viscosity can be observed for concentrations beyond 50% (w/w). 23 The solubility of cyclodextrins in binary organic/water mixtures is very complex, and usually non-linear. 22 For most of the isocratic separations that involve cyclodextrin additives, the concentration of water should be as high as possible to allow good solubility of such macrocycles in the mobile phases. Therefore, a concentration of organic liquids that is close to the mole fraction of Xs = 0.16 is often used. 4, 24 The solubility data for that mole fraction point and different temperatures are presented in Table 1 . Under elevated temperature conditions, β-cyclodextrin is almost three-times more soluble in acetonitrile/water than a methanol/water mixture, which was previously observed. 22 At sub-zero temperature the change in solubility between both phases is more evident (almost 5 times). If we compare each mixture at different temperatures, the solubility of β-CD in methanol/water and acetonitrile/water is changes 5 and 3 times, respectively. It is noteworthy that the HPBCD derivative is at least two factors more soluble than native β-CD under all of the conditions investigated. However, its application in liquid chromatography at a very high concentration level (e.g. more than 100 mM) is strongly limited due to the high viscosity of the solution. The data presented in Table 2 show that the presence of both macrocycles did not appear to have a significant effect on the freezing-point temperatures of the investigated mobile phases.
Conclusions
The application of binary acetonitrile/water mixtures for temperature optimization in column chromatography is limited to -10˚C within a wide range of acetonitrile concentrations from 25 to 85% (v/v). From that point of view, the methanol/water phases allow the use of sub-zero temperatures beyond -10˚C (for methanol concentrations ranging from 20% to 100%).
Under sub-zero temperature β-cyclodextrin is almost 5-times more soluble in acetonitrile/water than in a methanol/water mixture (1.6 and 7.9 mM, respectively). Therefore, the effective application of β-cyclodextrin as a modifier of mobile phases based on methanol/water mixtures at sub-ambient temperature may be strongly limited. It is noteworthy that the HPBCD derivative is at least two factors more soluble than native β-CD under all of the conditions investigated. 
